We study the structural origin of the Bauschinger effect by accessing numerically the local plastic thresholds in the steady state flow of a 2D model glass under athermal quasi-static (AQS) deformation. More specifically, we compute the local departure from yield stress, ∆τc, for arbitrary local loading orientations. Contrasting the local response to forward and reverse shearing in flow states, we find a clear polarization, i.e. a forward-reverse asymmetry of the distribution of ∆τc. Plastic instabilities are on average closer in the forward vs the reverse direction, consistently with the idea that the mean stress biases barriers. However, the distribution of ∆τc in the reverse shear direction extends quasi-linearly down to zero stress increments and a significant fraction of zones lie close to a reverse yield threshold. It follows that unloading both triggers reverse events and causes an inversion of polarization in the low-∆τc region, which explains the Bauschinger effect. Our scenario is quite generic, which explains the pervasiveness of the studied phenomenon.
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The Bauschinger effect [1] is the remarkably common property that once a material has sustained some amount of plastic strain, it generally exhibits a softer stress response under reverse loading. Initially observed in monoand poly-crystalline metals [2, 3] , this phenomenon has been evidenced in polymers [4] , and more recently in amorphous materials such as metallic glasses [5] [6] [7] [8] . It is thus found in almost all material classes. Yet, its origin remains the topic of ongoing debates across the concerned disciplines.
Our interest here is to understand the origin of the Bauschinger effect in amorphous solids. This is an especially challenging goal as structural disorder limits our ability to access the mechanisms of deformation and flow in these systems. The crux of the problem is that glasses present a broad multiplicity of mechanically stable structures. Thus, there exists a continuum of glassy ensembles, and the state of a freshly prepared glass depends sensitively on preparation details. Moreover, in the absence of identifiable topological defect, glassy flow results from local rearrangements (or "flips") [9] [10] [11] occurring in weak regions embedded in the disordered structure, which approach yielding only progressively [12] when strained, and hence cannot be sharply identified. Moreover, every zone flip introduces long-range, elastic, stress fluctuations which act as a mechanical noise on other weak zones, leading to the emergence of avalanche behavior [11, 13, 14] . As a consequence, there is no consensus today on how to describe the internal state of a glass [15] [16] [17] in view of predicting its mechanical response.
Few numerical works exist on the Bauschinger effect in amorphous solids. Procaccia and coworkers found a signature of loading asymmetry in high order derivatives of the potential energy surface [6] . In a model silica glass, Rountree et al [18] idendified the emergence, in unloaded states after shear-plasticity, of a structural anisotropy as probed by variant of the fabric tensor [19, 20] classically associated with the asymmetry of mechanical properties in granular materials [21, 22] . Such findings, however, remains difficult to connect with a physical picture of flow mechanisms in the spirit of e.g. elasto-plastic or mean-field models [23] [24] [25] [26] . Rodney and Schuh [27] used the ART method [28] to sample the barrier of a sheared system; they found a signature of material polarization via the strains associated with these barrier crossings [29] , but could not connect it directly to the Bauschinger effect, as the ART method did not permit, until recently [30] , to distinguish which regions would respond to forward or reverse flow.
A new method developed recently consists in probing the instabilities of small circular regions of the material [31, 32] strained at arbitrary orientations. Not only does it permit to access barriers, but it classes them according to the direction of shear they respond preferentially to. Its ability to thus access a rich angular-resolved information and thus shed light on mechanical polarization effects, however, has never been exploited so far. Here, we use it to characterize the state of an amorphous solid under steady plastic flow in athermal quasi-static (AQS) [11, 14] conditions. This provides unprecendented insights on the origin of the Bauschinger effect, which appears to originate from a residual inverse mechanical polarization of the barrier distribution after unloading. This effect results from the conjunction of two quite general features: the preferential crossing of stress-releasing barriers in plastic flow; and the accompanying production, by mechanical noise effects, of low barriers in all orientations. Our precise access to local barriers allow us to rule out that the effect is caused by an asymmetry of local stress (or so-called "backstresses") as often assumed in continuum theories [3, 33, 34] and recently questioned in arXiv:1906.09818v1 [cond-mat.mtrl-sci] 24 Jun 2019 mono-crystalline metals by Queyreau and Devincre [35] .
This work uses the same numerical system as in Ref. [32] : a two-dimensional binary Lennard-Jones model with second order smoothing near the interaction cutoff. Physical units are fixed by the characteristic energy and length scales of the pair potential. The simulation cell is square and periodic, of fixed volume. We use 10 4 -atom systems and systematically collate 100 independent runs to obtain statistically significant data. Plastic deformation is applied in simple shear, with Lees-Edwards boundary conditions, using the AQS protocol, in which a system is deformed by small increments of affine strain ∆γ xy followed by energy minimization, which guarantees mechanical balance [11, 14] . As a result, the system tracks reversible elastic branches except at instabilities where avalanche-like plastic events occur and dissipate energy.
It is essential to realize that, under statistically uniform shear strain, a glass is driven towards a uniquelydefined flowing state (ensemble). This state is usually inaccessible in experiments on hard glasses due to strain localisation, but is commonly observed in soft glasses, and can be easily realized in numerical simulations using periodic boundary conditions. Under loading, the initial glassy state, which depends sensitively on preparation, is progressively erased by strain. This is illustrated in Fig. 1 , where we report the mean stressstrain curves starting from three very different initial ensembles [32] : the first two are obtained from instantaneous quenches from resp. a high temperature liquid (HTL, at T = 7.8T M CT where T M CT is the temperature of the mode-coupling transition), and an equilibrated supercooled liquid (ESL, at 0.92T M CT ); the third one is obtained by a gradual quench (GQ), at a ratė T = 0.32 × 10 −6 across the glass transition, which allows the system to equilibrate down to a relaxation timescale of order T g /Ṫ 10 6 , with T g the glass transition temper- ature. As seen on both our GQ and ESL systems, when starting from a tempered, hard, glass this erasing process shows up as strain-softening, often called "rejuvenation". In the GQ case, this is accompanied by transient localization [36] . When starting from a very poorly tempered, very soft glass (our HTL ensemble), the erasure of the initial state shows up as a strain-hardening effect. Yet, all systems eventually reach the same steady flow ensemble. The Bauschinger effect, should be distinguished from this transient (hardening or softening) evolution of the glass towards the steady flow state. As evidenced in Fig. 2 , it reflects the existence of a polarization of mechanical behavior in the steady flow state, which hence must progressively emerge upon loading. In Fig. 2 , the origin of strain is defined with reference to zero-stress configurations obtained by unloading steady flow states (which we do by reverse straining with steps ∆γ xy = 10 −4 ). The stress-strain relation obtained during the unloading from steady flow configurations is displayed in red and appear nearly, but not quite, elastic. Indeed, a small (less that 0.6%) but clear hysteresis is seen when reloading (green), which entails that unloading is accompanied by a small average amount of irreversibility (i.e. plasticity). The reverse loading curve (orange) is considerably softer than the reloading one-this is the Bauschinger effect.
To understand the origin of this phenomenon, we now characterize steady flow states using the method of Refs. [31, 32] . It consists in identifying the first plastic event undergone by atoms inside a small circular domain (of radius R free = 5) when forced by imposing affine pure strains of arbitrary orientations α ∈ [0, π] to the rest of the system. To do so, it suffices to control the outer atoms within a shell of width larger than the pair interaction cut-off R cut . Strain orientations are defined is such a way that α = 0 when strain is aligned with the simple shear flow direction; α = π/2 is therefore aligned with reverse loading. Statistically significant data are accumulated by considering all inclusions centered on regular grid points with a mesh size ≈ R cut , while α takes values at regular (π/18) intervals.
For each test domain and each α ∈ [0, π], we compute the average (over inclusion atoms) shear stress conjugate to the imposed pure shear deformation. The departure of the inclusion from its threshold is characterized by the increment ∆τ c of this stress component that brings the inclusion to its first yield point. A compact representation of the 1D distribution P (∆τ c ; α), for all α's, is obtained by drawing (left panels of Fig. 3 ) maps of the polar function f (∆τ c ; 2α) ≡ P (∆τ c ; α), where 2α ∈ [0, 2π]. Note that 2α = 0 and π correspond to direct and reverse loading (resp.). On the right panels of Fig. 3 we show cuts of this function along the x axis, which amounts to plotting P (∆τ c ; α) vs ∆τ In as-quenched systems, as illustrated in Fig. 3-(a) for the ESL system, f (∆τ c ; 2α) is isotropic, while [cuts of
, as previously obverved [32] , the more relaxed the system, the higher the local yield stresses.
In the steady flow ensemble [ Fig. 3 -(b) and black curves in panels (e,f)], f (∆τ c ; 2α) is clearly anisotropic, and more precisely polarized. The mean barrier height g(2α) ≡ ∆τ c (α), in white on Fig. 3-(b) , which remains circular (a curious feature we cannot explain), is shifted horizontally by χ = 1 2 ( ∆τ c (0) − ∆τ c (π/2)) −0.31 < 0. This polarization reflects that inclusions are statistically closer to the forward (α = 0) barriers, which is of course expected since the steady flow ensemble is under a positive average stress τ xy = 0.53.
Strikingly, this polarization is reverted in unloaded states [see Fig. 3-(c) , where g(2α) (white) is still circular, and blue curves on panels (e,f)]. Inclusions are, on average, closer to reverse barriers since χ unloaded 0.14 > 0, and the small barrier density is significantly heavier in the reverse direction [ Fig. 3-(f) ]. We thus observe an inversion in barriers distribution polarization under unloading, which affects in particular small barriers, and therefore presumably causes the softer response under reverse loading, hence the Bauschinger effect.
To establish this idea, we take an arbitrary zero-stress configuration, and report on Figs. 4-(a) and (b) its reverse and forward (resp.) barrier maps, on top of which we mark the locations of the local flips undergone in the first 2% of strain in the corresponding loading direction. It is immediately visible that there is a higher fraction of small barriers in Fig. 4 -(a) than in Fig. 4-(b) and that the loci of the plastic events correlate with the low barrier regions in either case. It is therefore clear that the Bauschinger effect is caused by the excess of small reverse shear barriers in the zero-stress unloaded states.
To understand the origin of the Bauschinger effect, we are thus now left to explain why unloading creates an inverse mechanical polarization, i.e. a positive χ associated with an excess of small barriers in the reverse shear direction.
In continuum theories of plasticity, this is classically interpreted as arising from "microstresses", i.e. presumed   FIG. 4 .
Maps of the local departure from threshold for shearing (a) in the backward (2α = π) and (b) forward (2α = 0) directions. Symbols show the loci of plastic events in the 2% of strain in the corresponding direction. local excesses of negative stress, that would cause certain regions to be closer to reverse yielding [3, 33, 34] . In this perspective, however, we would like to emphasize that the distribution of stress in the tested inclusions, which reported in Fig. 5 is nearly perfectly symmetric in unloaded states, and corresponds to the elastic shift by the mean stress τ xy of its counterpart in flow states.
To proceed, we introduce a crude simplification of unloading effects, we call the elastic shift hypothesis, which consists in artificially forbidding plastic events, neglecting non-affine effects, and thus considering that, during unloading all 2α = 0, π barriers are shifted elastically by τ xy . This schematic picture is tested by reporting in Fig. 3 -(e) the steady flow barrier distribution shifted by τ xy and rescaled by arbitrary factors to compensate for trivial differences in heights resulting from normalization. It works strikingly well for most ∆τ c as the shifted and scaled (SS) distributions (red) fall right atop the measured ones in the unloaded state (blue).
Yet, there are two notable discrepancies. First, the SS distribution of reverse barriers (2α = π) extends to positive ∆τ ular from mechanical noise [12, 37] , i.e. event-induced fluctuations of local stress.
Let us emphasize that the elastic shift hypothesis does predict that unloading causes an inversion in the density of small barriers (say those such that |∆τ c | < ∼ τ xy , which corresponds to the areas in red on Fig. 4) . But, it strongly overestimates the magnitude of this effect, becauses it neglects the plastic activity during unloading. The latter primarily consumes reverse barriers, while giving rise to small forward ones, and thus appears to be a secondary effect that moderates the elastic-shift-driven inversion of polarization.
The key cause of the Bauschinger effect is thus that unloading produces a significant fraction of near-zero reverse barriers. This, in turn, originates from the fact that the reverse barrier distribution is non-zero down to vanishing barrier heights, a feature attributable to mechanical noise [12, 37] and thus expectedly quite general.
It is noteworthy that, beside this inversion in small barrier densities, unloading is also accompanied by an inversion of the mean polarization χ. This appears to follow from the property that |χ flow | < τ xy (since χ flow −0.31 and τ xy 0.53), which we believe to be a hard constraint. Indeed, plastic flow results from the interplay between (i) the formation of new (rejuvenated) configurations; (ii) their eventual destruction by plastic events. The expectation that new configurations do not present any barrier polarization in their zero-stress state, implies that under the stress τ xy , their mean polarization χ fresh = −τ xy . Since plastic activity preferentially consumes forward barriers, it may only cause |χ flow | to be smaller than this value, hence < τ xy . Now we see that the elastic shift hypothesis estimates χ unloaded as χ shifted ≡ χ flow + τ xy > 0 (here 0.22); it hence predicts an inversion of the mean distance to threshold. The moderating effect of plastic events during unloading weakens this value (χ unloaded 0.14), but the effect remains. The mean polarization of the barriers, and its inversion under unloading, is strongly reminiscent of the shift of the yield surface which appears in phenomenological theories of the Bauschinger effect. However, it must be distinguished from the inversion of the small barrier densities, which really is the direct cause of reverse softening. These two effects seem related since all distributions appearing on e.g. Fig. 3 -(e) have similar shapes and aspect ratios. But the precise link between them would need to be established on the basis of elasto-plastic [26] or meanfield models [23, 25] of plasticity that capture the interplay between barrier crossings, rejuvenation (the post-flip formation of fresh configuration), and mechanical noise. Our work provides observations and benchmarks that are crucial to the construction of such models. Thus, after having identified the physical origin of this effect-the existence of a measurable density of near-zero reverse barriers in flow states-it opens the route towards its quantitative modelling.
